Haemoglobin is defined as a haem protein that binds oxygen reversibly.
[I41 and the Eschc~r~ichir~ cdi Hmp protein has been proposed to be an oxygen sensor [15] . Recent work in our laboratory has also implicated Hmp with oxidative stress responses [ 16 -181 . The patterns of expression of bac-
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terial haemoglobins are varied [15] ; for example, Vitreoscilla haemoglobin is maximally expressed at low oxygen tensions, whereas the regulation of expression of E. coli and E. chrysanthemi haemoglobins does not respond to oxygen availability. Bacterial haemoglobins can be classified in two groups based on their protein structure:
one group consists of small haemoglobins that contain only one domain (haem); this group includes the haemoglobins of Vitreoscilla sp. and Nostoc commune [15] . The haemoglobins in E. coli, E. chrysanthemi, A. eutrophus, V. parahaemolyticus and Bacillus subtilis contain a second domain which binds flavin (FAD) and has NAD(P)H oxidase activity.
Here we report alignment of the known bacterial haemoglobins, their phylogenetic relationships and the design of a consensus sequence. We have designed two oligonucleotide 'consensus' primers allowing a search for the presence of haemoglobinlike proteins in other bacteria. Using this approach we report the presence of haemoglobin-like genes in bacteria of significance in pathogenicity, food poisoning and various natural environments, namely:
Campylobacter jejuni, Salmonella typhimurium, Listeria monocytogenes, Rhizobium leguminosarum, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus aureus.
Material and methods

Phylogenetic analysis
Amino acid sequences of bacterial haemoglobins used in this work are shown in Table 1 . The initial alignment of amino acid sequences was made using CLUSTAL (PC-Gene; IntelliGenetics Inc., Mountain View, CA) and was further optimised with the PILEUP program (GCG, Madison, WI). To verify tree topologies, the orders of the sequence sets were jumbled. For neighbour-joining analysis, Distances (GCG) was used; an unrooted phylogenetic tree was generated with Growtree (GCG). 
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were used in a PCR reaction as follows: 1 cycle of 95°C for 2 min followed by 5 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 1 min then 30 cycles of 94°C for 1 min, 62°C for 1 min and 72°C for 1 min and finally 1 cycle of 72°C for 20 min. PCR reactions were carried out using Pfu DNA polymerase (Stratagene, La Jolla, CA) in a Hybaid Touchdown Thermocycler. Amplified DNA products were run in 0.8% agarose TBE gels.
Results and discussion
Alignment of the bacterial haemoglobin protein sequences
Almost all bacterial haemoglobins belong to the two-domain flavohaemoglobin family; these haemoglobins contain a haem domain attached to a flavin domain; the only exception is the Vitreoscilla sp. Vhb haemoglobin that contains only one domain. In this study we considered the sequences of the five bacterial flavohaemoglobins available, Vitreoscilla sp. Vhb globin and the yeast flavohaemoglobin Yhb, which is a flavohaemoglobin with closer homology to bacterial haemoglobins than to animal or plant haemoglobins [4] . The amino acid sequences were aligned (see Section 2) and the high degree of similarity among them was evident (Fig. 1) . Threedimensional structure helices are shown based on the crystal structure of the A. eutrophus Fhp haemoglobin [20] . Table 2 shows the percentage of identity found among the flavohaemoglobins and also between their haem domain and the Vitreoscilla sp. haemoglobin.
The identity varied between 35.71% and 64.81% and the homology between 55.02% and 77.21%; the two most similar flavohaemoglobins were Hmp and HmpX and the two with lowest identity were HmpX and Yhb. Yhb, the yeast haemoglobin had highest identity with the V~treos~illa sp. Vhb globin. It was clear that the identities found among the enterobacteria (E. chrysanthemi, E. coli and K parahaemolyticus) were the highest (Table 2) , making a distinguishable group. From the alignment in Fig.  1 , clusters of amino acids very homologous among the flavohaemoglobins from enterobacteria could be identified. Amino acids from positions 101-119 are highly similar among the eubacteria in comparison with the other three haemo~obins.
Even though Yhb and the Vibrio parah~enlolyticus haemoglobin showed the lowest identity, the homology was high (61.17%). Again Vhb was closest to Yhb in the homology data shown in Table 2 . Inside the haem domain, helix H was the most conserved region among the bacterial haemoglobins.
Phylogenet~c relationships among bacterial haemogiobins
Based on these alignments, the program Distances was used to create a matrix for the construction of a phylogram using the Growtree program (GCG). Fig.  2 shows the results of this study. A cluster of the eubacteria globins was again clearly distinguished from the other four sequences. It has been suggested [21] that there is evidence for globin transfer within the yeast-proteobacteria cluster. A common ancestor Percentage of identity and homology among the haemoglobin amino acid sequences found in micro-organisms, using the program GAP. GAP uses the algorithm of Feng and Doolittle [23] evolutionary tree based on the flavohaemoglobin haem domain (Fig. 3). 
Construction of a consensus flavohaemoglobin protein sequence
Arredondo-Peter and Escamilla [ 191 reported a consensus sequence for plant haemoglobins based on the alignment of 16 haemoglobin amino acid sequences from different plants. Interestingly, the consensus sequence of plant haemoglobin was more homologous to Vitreoscilla Vhb haemoglobin than to animal haemoglobins [ 191. Following the same protocol we determined the consensus sequence for twodomain bacterial haemoglobins (Fig. 1) . The full consensus sequence corresponds to 418 amino acids. The most abundant amino acid in the consensus sequence was alanine (9.8%) and the estimated molecular mass is 46855 Da, which is in good agreement with that of various flavohaemoglobins.
The most conserved residues are at positions 6-16 (helix A), 43-56 (helices C and E), and 121-131 (helix H) in the haem domain, and at 190-194 (FP3, pyrophosphate portion of FAD), 28 l-295 (NC& ribose moiety of NAD(P)H) and 40141 I at the C-terminus in the flavin domain [4, 20] . From these data we conclude that helix H is the most conserved region among the llavohaemoglobins as Arredondo-Peter and Escamilla [I91 reported for plant haemoglobins.
The hydropathy profile of the consensus sequence (Fig. 3) shows that the most conserved segment of helix C is hydrophilic in contrast with those of helices A and H. the FAD pyrophosphate and NADP ribosc domains and the C-terminus which are hydrophobic. A TFASTA (GCG) comparison search carried out on the consensus sequence showed that among the highest scores were plant haemoglobins rather than animal haemoglobins (data not shown).
One of the goals of the production of a consensus flavohaemoglobin sequence is the synthesis of appropriates probes to detect haemoglobin-coding sequcnces in a variety of bacteria. Taking into account the alignments shown in Fig. I , we designed two oligonucleotides that could serve as probes for searching for flavohaemoglobin genes in several bacteria. We designed the following oligonucteotides.
RKP3I (S'-ATG(C/T)TXGCXGAXAA(A/G)ACX(A/C)G-3') corresponding to the N-terminal domain of the haem module and RKP32 (5'-AC(A/G)TTXGC(G/C)AG-NACNCCA/GTA-3') that corresponds to the H helix of the haem domain (Fig. I) P. trrwgimso and S. 4474w~4.s was extracted and PCR reactions were carried out as described in Section 2. As shown in Fig. 4 . fragments of the expected size were found in C. ,jlljuni.
S.
t~ the amplified product must be different to the FixL hacmoprotein previously reported [22] since the homology between the flavohaemogtobin family and the FixL protein is not high. More studies are required to identify the genes corresponding to these PCR products. However our results reveal an effective pair of probes useful for the identification of new bacterial haemoglobin genes.
